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CHAPTER-1 
1.1. What Are Polymers 
Polymers are long chain and high molecular weight giant 
molecules, made by joining of many small units. These small units 
are called monomers and are capable of combining together with 
themselves or other similar molecules by virtue of the presence of two 
or more reactive groups, multiple bonds or easily replaceable 
hydrogen. The molecular weight may be as high as several hundred 
thousands. In Greek, poly means many and mer means parts (joined 
together). For example, a gaseous molecule of molecular weight 54, 
butadiene, combines with itself nearly 400 times and gives a polymer 
of molecular weight of about 200000, polybutadiene [1]-
n CH2=CH-CH=CH2 => -(CH2-CH=CH-CH2)n- (1) 
1.2. Structure-property relationship in polymers 
The mechanical properties of polymers, in general, increase 
with molecular weight in a non- linear fashion. It has been observed 
that there is a minimum molecular weight below which polymer 
properties do not emerge which is about 20,000. Increasing the 
molecular weight above this minimum is desirable for increased 
mechanical strength, however, becomes undesirable sometimes due to 
other effects such as increase in the melt viscosity leading to difficulty 
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in melt processing. Similarly, solubility of a polymer in its solvents 
decreases with increase in molecular weight and if the polymer 
possesses broad molecular weight distribution, the presence of high 
and low molecular weight fractions will further control the polymer 
properties. The presence of low molecular weight fraction enhances 
melt flow whereas high molecular weight fraction may lead to 
incomplete dissolution [1,2]. 
The polymers, that pack together in a highly ordered way will 
be crystallizable and may be made crystalline. For example, the 
polyethylene chain is highly regular and, therefore, readily crystallizes 
whereas low-density polyethylene, a highly branched polymer, is less 
crystalline due to difficulty in packing. Vinyl polymers possess 
asymmetric carbon atoms on alternate positions in the chain and show 
three possible arrangements. Isotactic and syndiotactic forms are 
regular and may crystallize while atactic form is irregular and is 
amorphous in most cases and it does not crystallize. However, if the 
substituent is small like in polyvinylalcohol, it could be 
accommodated leading to the crystallization of polymer. Also, the 
ease of rotation along the C-C single bond makes polymers flexible 
and rigidity increases with increase in the hindrance in rotation due to 
presence of bulky pendant groups, aromatic moieties, multiple bonds 
etc. [1,2]. 
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Polymers behave differently from that of commonly known 
chemical compounds, for example, benzene melts at 5.5 °C to liquid 
benzene followed by gaseous benzene on further heating. In contrast, 
a polymer, polyethylene, firstly does not show a sharp melting point, 
but it becomes increasingly softer and ultimately turns into a very 
viscous, tacky molten mass. On further heating, polymer melt does 
not convert into gas but simply disintegrate [1,2]. One of the striking 
differences is the solubility pattern of polymers. For example, when 
sodium chloride is added to a fixed quantity of water, it dissolves in 
water up to a point (saturation point) and ftirther added salt does not 
go into solution but settles at the bottom as solid. The viscosity of the 
saturated salt solution is not very much different from that of water. 
However, a polymer, for example, polyvinyl alcohol when added to a 
fixed quantity of water, polymer does not go into the solution 
immediately. The globules of polymer initially absorb water, swell 
and get distorted in shape and after a long time go into the solution 
and a large quantity of polymer may be dissolved to the same quantity 
of water without reaching any saturation point. As more and more 
quantity of polymer is added to water, the time taken in dissolution of 
the polymer obviously increases and the mix ultimately assume a soft 
dough like consistency i.e. the viscosity of solution increases with 
increased dissolution. Polymer does not retain its original powdery 
nature in water like sodium chloride in saturated solution. In short, 
the process of dissolution involves three steps viz. the penetration of 
PAGE-3 
the solvent molecules into polymer matrix, the separation of the 
chains and the solvation of the polymer chains. The rate of 
dissolution depends primarily on the rate at which the solvent can 
penetrate the solid polymer matrix. Amorphous regions are dissolved 
more quickly than the crystalline regions in a polymer. Cross-linked 
polymers do not dissolve even in ideal solvents although penetration 
of the liquid may be possible leading to swelling. In general, solvents 
for non-polar polymers are non-polar liquids whereas for polar 
polymers are polar liquids (polymers such as polyethylene, 
polytetrafluoroethylene etc. are the exceptions). Certain natural 
polymers are water-soluble because they contain sufficient number of 
hydroxyl groups causing solvation due to hydrogen bonding with 
water molecules [1,2]. 
Various agencies such as heat, chemicals and UV light affect 
the polymer properties by changing the physical and chemical nature 
of the polymer. If the effect is undesirable, the term "degradation" is 
commonly used which may cause addition, cross-linking, substitution, 
hydrolysis, chain scission etc. leading to a different type of polymer. 
The capability of a polymer to withstand chemical attack depends on 
its chemical constitution. For example, polymers containing C-C, C-
H, C-Cl, C-F, aromatic moieties etc. are more resistant to chemical 
attack than those containing 0-0 (polyesters undergo hydrolysis), 
C=C (diene rubbers undergo hardening due to attack of atmospheric 
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oxygen leading to cross-linking) etc. Thermal as well as light energy, 
alone or in presence of oxygen/moisture can cause bond scission if the 
energy required for bond dissociation is low and hence the low bond 
dissociation energy and light sensitive bonds are the most susceptible 
to attack. Consequently, polymers containing -CN, -CO, -C=C-, O-
H and C-Cl may easily be degraded by heat/light, especially in 
presence of atmospheric oxygen. Whereas polymers with aromatic 
backbone may show excellent thermal and photo-stability owing to 
the relative inertness of the phenylene rings. 
1.3. Electrical conduction in polymers 
Polymers are traditionally used as insulating materials in 
electrical and electronic devices as their conductivity falls in the i^ ange 
of 10"^ °-10''^  Scm"\ In metals, electrons are available to carry current 
when an electrical potential is applied but electrons are tightly bound 
common polymers. Polymers such as polyvinylchloride, show 
slightly better electrical conductivity due to the presence of polarity 
than non-polar polymers. The electrical conduction may occur in the 
polymers by the movement of electrons/holes as well as by ions and 
may be governed by equation-
a = n e |i (2) 
Where a is the electrical conductivity of the material, n is the 
number of charge-carriers, e is the electronic charge and i^ is the drift 
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mobility of charge-carriers. Ionic conduction in polymer bulk is very 
low, however, ions may be expected to move faster through 
amorphous regions than through crystalline regions of a polymer. 
That is why a thin layer of antistatic agents and surface active agents 
is applied on insulating plastics. In this operation, the best results are 
achieved in moist conditions (relative humidity above 50%) as the 
uptake of water in the surface layer provides a medium for 
dissociation and for flow of ions else conduction may fail in 
extremely dry conditions [6-8]. 
1.4. Band theory of electronic conduction 
When two hydrogen atoms come close together, two molecular 
orbitals are formed, one bonding molecular orbital of energy less than 
the energies of two isolated hydrogen atoms and another antibonding 
molecular orbital of energy higher than the energies of two isolated 
hydrogen atoms. Similarly, in crystalline solids like silicon, where 
many atoms interact leads to splitting of energy levels into two sets, 
called energy bands viz. valence band (of lower energy) and 
conduction band (of higher energy) while the energy gap between 
them represents a forbidden zone for electrons as shown in Figure-1. 
In a full band no net flow of electronic charge under an extemal 
electric field because travelling in opposite direction of electrons 
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Figure-1 (C). Relationship of polymer's u-electron band structure 
to vacuum and other energetic parameters. 
PAGE-9 
cancel each other. For example in silicon, the bonding electrons fill 
the valence band at absolute zero. Intrinsic conduction takes place 
when electrons are promoted to conduction band. The electrons 
promoted and the hole created by these electrons can contribute to the 
net charge flow. Promotional energy can be obtained directly by 
photon absorption or by thermal energy from the lattice. 
In metals, where the bands are overlapping each other or 
partially filled and therefore conduction takes place without the 
promotion of electrons across the energy gap. Actually conductivity 
decreases slightly with increase in temperature because tlie lattice 
vibrations scatter electrons at higher temperatures and their mobility 
goes down. 
Similarly mobility also decreases with temperature in case of 
silicon but the conductivity still increases with temperature in the 
"intrinsic conduction" of semiconductors. The presence of impurities 
or doping atoms in semiconductors give donor states near the 
conduction band edge and electron acceptor states near the valence 
band edge which can produce enormous increase in the population of 
conduction electrons or holes at a given temperature. This is called 
"extrinsic conduction". 
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An electron may either hop over or tunnel through the energy 
barrier. In the forbidden zone, the electrons are localized and the 
energy gap or mobility gap is low. When electrons are excited to 
higher energy states, in which mobility is higher, appreciable 
conduction can occur [9-11]. 
1.5. Electrically conducting polymers 
Due to the electrical insulating properties, polymers remained 
unsuccessful in replacing active components of metals and 
semiconductors devices. It was observed that polymers with 
conjugated backbone showed enhance electrical conductivity on 
reacting with oxidizing or reducing agents. Conjugated polymers 
such as polyacetylene, polyphenylene, polythiophene, polypyrrole etc. 
(Figure-2) possess a backbone which can produce, sustain and assist 
the motion of charge carriers in the form of electrons or holes (Figure-
3). This process of reacting a conjugated polymer with some 
oxidizing or reducing agent leading to the increase in electrical 
conductivity to many orders of magnitude is called "doping" in 
analogy to the semiconductor technology (Figure-4). 
Poly(sulphumitride), (SN) ,^ is the first and one of the polymers with 
the backbone made up of non-metallic elements to show an intrinsic 
electrical conductivity as high as 2.5xX10^ Scm"' at room temperainre 
[12]. The perceived advantages of such materials include lightweijjht. 
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1. An unstable dlradical with spin and without charge, 
2. A stable polaron 'p-type' with spin and charge. 
Electron Acceptor 
3. A stable bipolaron 'p-type' with charge and without spin. 
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ii. A stable polaron 'n-type' with spin and charge. 
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Figure-3 (A). Formation of polarons and bipolarons in 
polyparaphenylene on reaction with oxidizing 
and reducing agents. 
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simple preparation, cheap raw materials and tailorable electrical 
properties [13]. 
1.6. Applications of Electrically conducting polymers 
Conducting polymers are not only comparable to inorganics 
from the point of view of metallic conduction but they also exhibit a 
blend of optical and mechanical properties. One of the great 
advantages of organic polymers over inorganic material is their 
architectural flexibility since they can be chemically modified and 
easily shaped according to the requirement of a particular device. 
Moreover their versatility and compatibility coupled with durability, 
environmental stability, ease of fabrication and lightweight make 
them most fascinating materials for electronic devices. 
The electrically conducting polymers cover a broad spectrum of 
applications from solid state technology to biotechnology. The 
electrical conductivity, chemical structure and possible applications of 
some of the important conducting polymers are listed in table-1. The 
one of the major areas of application includes solid state rechargeable 
polymer battery [14] as electrochemical studies have suggested their 
better rechargeability than inorganic batteries. Polyheterocyclics show 
wide variations in their color with the applied voltage when switched 
between oxidized and reduced states [15,16]. Similarly, they also 
PAGE-16 
Table-1. Possible applications of some important electrically 
conducting polymers. 
POLYMER REPEATING 
UNIT 
DOPANT E . C 
(S/cm) 
POSSIBLE 
APPLICATIONS 
POLY-
ACETYLENE 
/ - / 
Ii 1.0X10' RECHARGEABLE BATTERIES, 
PHOTOVOLTAICS, GAS SEN-
SORS, CHEMICAL INDICA-
TORS, RADIATION DETEC-
TORS, SCHOTTKY DIODES, 
ANTIELECTROSTATICS, 
ENCAPSULATION, OPTO-
ELECTRONICS, SOLAR CELLS, 
BIOTECHNOLOGY. 
POLY-
PYRROLE 
1 
H 
BF4- l.OXlfr' RECHARGEABLE BATTERIES, 
CONDENSERS, PRINTED CIR-
CUIT BOARDS, GAS SENSORS, 
ELECTROPLATING, SHOTTKY 
DIODES, ELECTROACAUS-
TICS, TRANSPARENT COAT-
INGS, ELECTROMAGNETIC 
SHIELDING, SOLAR CELLS, 
FIELD EFFECT TRANSISTORS. 
PHOTOCATALYSIS, PHYSIO-
LOGICAL IMPLANTATIONS, 
OPTOELECTRONICS, CON-
DUCTTVE TEXTILES, FILLERS, 
ADHESrVES, POTENTIOMET-
RIC GLUCOSE SENSORS. 
POLY-
PHENLYLENE 
^ > -
AsFj 5.0X10^ REC HARGEABLE BATTERIES, 
FILLERS, PHOTOCATALYSIS, 
SOLID LUBRICANTS 
POLY-
THIOPHENE o-
AsFs 1.5X10' RECHARGEABLE BATTERIES, 
DISPLAY DEVICES, FIELD 
EFFECT TRANSISTORS, OPTO-
ELECTRONICS,SCHOTTKY 
DIODES, GAS SENSORS, 
PHOTOCATALYSIS, FILLERS. 
POLY-
AiMLINE o-
HCl 5.0X10"' RECH.ARGEABLE BATTERIES, 
ELECTROCHROMIC DEVICES, 
INDICATOR DEMCES, BIO-
SENSORS 
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exhibit photoelectronic phenomenon as a resuh of optical density 
change [17,18]. Therefore, by employing these physical effects, 
display devices may be developed by coupling a conducting polymer 
with a semiconductor. A solid-state electrochromic device from 
poly aniline has already been fabricated [19]. 
It has been observed that n-type inorganic semiconductors used 
in solar energy devices, undergo severe photodecomposition. The life 
span of semiconductor surface may be greatly enhanced by protecting 
them against photo-degradation. Thin fibns of electrically conducting 
polymers coated on silicon, cadmium sulfide, gallium arsenide and 
other surfaces showed reduced photodecomposition. Thus they have 
already found applications in the electrochemical photovoltaic cells 
and photo-electrolysis cells [20-22]. The conductivity of the 
conjugated polymers can easily be maintained in the semi-conducting 
region by controlling the dopant concentration and thus Schottky 
barrier type diode [23,24] and field effect transistors [25,26], from 
conducting polymers such as polyacetylene, polypyrole and 
polythiophene have been developed 
In the various fields of industries such as textiles, paper 
technology, photography, printing etc., an immense danger of 
electrical shocks, fire and explosion exists due to the generation of 
high static electricity. Conducting polymers can dissipate electrostatic 
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charges at a much faster rate and can serve as anti-electrostatic agents 
in these industries [27]. Similarly, their variable conductivity can 
effectively be used in electromagnetic interference shielding [28]. A 
transparent speaker was developed by coating transparent conducting 
films of polypyrrole on the surface of piezoelectric 
poly(vinylidenecyanidovinylacetate). The speaker generates very 
good quality sound from CD players, especially in the high frequency 
region [29,30]. Another application includes the development of 
polypyrrole aluminium solid electrolyte condenser by Marcon 
company. This condenser exhibits good stability at higher 
temperatures and shows application in multilayer printed circuits, 
audiovisual instruments etc. 
In some applications, conducting polymers could be used as 
fillers in place of carbon black, graphite or metals. They can also be 
used as conductive component in conductive adhesives [31]. 
Conducting polymers can be used as conducting coating materials for 
metallic surfaces as precoating before electroplating on plastics such 
as polymethylmethacrylate, polyvinylchloride etc. [32]. In particular, 
polyhetrocyclics have shown their usefiilness in Electro-deposition 
which provide hardness, solderability, protection against friction, 
corrosion and wear. The electro-deposition of conducting polymers is 
also applicable for decorative as well as for protective purposes. 
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Small-scale indicator devices from conducting polymers to 
detect moisture, radiation, chemicals and mechanical abuse have been 
designed [33]. Furthermore, their use as biosensor and gas sensors 
has been suggested [34-36] whereas in the field of biotechnology, the 
use of conducting polymers has been suggested for an in vivo drug 
delivery system and for physiological implantation. 
1.7. Degradation and stability of electrically conducting polymers 
The process of deterioration of useful polymer properties 
involving chemical reactions is defined as degradation. There are 
many external causes of degradation of polymeric materials including 
heat, light, mechanical stress, oxygen, ozone, moisture, atmospheric 
pollutants etc. along with the factors effective at the time of 
processing. Also, the presence of reactive sites in the polymer, 
(e.g.superoxides, defects, chemically reactive groups etc.) may 
degrade the polymer properties with or without combination of 
external factors [37-40]. 
The pristine conjugated polymers have been reported to 
contain electronic spins leading to the inter- and intra-chain reactions 
between these reactive sites which can alter the chemical structure 
even when they are pure, affecting their dopability and hence the 
electroactivity. There are two main factors which affect the intrinsic 
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chemical reaction of dopant ions with polymer etc. For a commercial 
battery, a good shelf life (capability to retain its charged state) as well 
as ability to repeated charging and discharging many hundred times is 
a prequalification. It has been observed that electroactive polymers are 
distinct from traditional inorganic electrode materials as they neither 
deteriorate nor redeposited during charging & discharging process and 
hence, they may be expected to give long life storage systems. The 
durability studies of polymeric electrodes may be done 
galvanostatically or potentiostatically to evaluate their life in battery 
applications [44-46]. 
1.8. Stabilization 
The long conjugated backbone of conductive polymers could 
sustain defects such as free radicals. Such states can readily be 
oxidized. The preventive measures undertaken to inhibit the 
degradation process, are collectively known as "polymer 
stabilization". There are a variety of methods of stabilizing such 
systems; some of them are as follows [13,47,48]-
1. By incorporating anti-oxidants such as benzoquinone and hindered 
phenols or by using radical traps such as azo-bis-isobutyronitrile in 
the systems. 
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degradation of doped conjugated polymers viz. reactivity of polymer 
backbone and the reactivity of dopant. The oxidative degradation of 
most polymers proceeds via chemical reactions of peroxy radicals. 
Sunlight consists of IR and visible radiations, apart from the 
high energy UV radiations of range 200-380 nm of the 
electromagnetic spectrum. The conjugated bonds, present in 
conducting polymers, undergo n-7r*, %-n* and C-G* transitions very 
easily, leading to formation of free radicals on exposure to sunlight. 
The UV radiations contain enough energy to cause C-C ,C-N and C-0 
homolytic bond fission. Thus produced free radicals can react with 
atmospheric oxygen leading to oxidation accompanied by depletion of 
chain length of the polymer [41-43]. 
Of late, conductive polymers are being used for electrical 
storage in non-rechargeable (primary) and rechargeable (secondry) 
batteries. In spite of their high electrical conductivity, they have high 
selectivity to electrode reactions, low catalytic activity towards side 
reactions, sufficient mechanical strength, fabricability, costs etc. The 
electrode materials must also possess high stability towards 
degradation reactions during the passage of current or storage. The 
degradation of electrode materials leads to instability in electrode 
potential value with time that takes place due to difftisional processes 
occurring at the electrode and other side reactions e.g. cross-linking, 
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2. By ion implantation or by predoping the material with a strong 
electron acceptor prior to oxygen exposure. 
3. By encasing the polymer in a system with reduced oxygen and 
moisture permeability and 
4. By synthesizing new polymers with less susceptibility to intrinsic 
degradation to oxygen and to moisture, even at elevated 
temperature. 
1.9. Problems with Electrically conducting polymers 
But none of these materials are free from disadvantages mainly 
non-processability by solvent or melt technique, poor mechanical 
strength after doping and most distressing is their environmental 
instability. Furthermore, the proper characterization of organic 
conductive polymers has remained very difficult due to their 
intractability. Such polymers can be directly synthesized as flexible 
semiconducting films, which can be made highly conductive by either 
oxidation or reduction with suitable electron acceptors or donors. 
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CHAPTER-2 
Polyaniline and Polypyrrole have usually been synthesized 
using chemical oxidants, e.g., FeCls or (NH4)2S208) in acidic aqueous 
media [1,2] as well as non-aqueous solvents such as ethers [3], esters 
[3], alcohols [4] acetonitrile [5] etc. hi each case, the conductive 
polymer has invariably been obtained as insoluble bulk powder with 
conductivity lying in the range 1-200 S/cm on compressed pellets. 
Scanning Electron Microscopy studies have confirmed that these 
powders have a fused pseudo-spherical or globular morphology with 
micrometer features [6,7]. 
The electrically conductive properties of polyaniline in its 
emeraldine oxidation states stem from the acid doping capability of 
imine nitrogen on the polymer backbone [8]. Dopants can be added in 
any desired quantity until all imine nitrogen (half of the total nitrogen) 
is protonated, simply by controlling the pH of the acid solution [9]. 
The conductivity of Polyaniline increases with doping from the 
undoped insulating base form (CT < 10"'° S/cm) to the fully doped, 
conducting acid form (CT >10 S/cm). Doping as well as undoping 
processes could be typically carried out chemically by using common 
acids and bases such as HCl and NH4OH respectively, 
electrochemical processes can also readily be used for doping and 
undoping [10-15]. 
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Both polyaniline and polypyrrole showed metallic features in 
conducting state. Polyaniline doped with camphor sulphonic acid, 
processed from solution has resulted in freestanding films with high 
conductivity [16-18]. 
The chemical synthesis of polyaniline has widely been studied, 
including types and concentrations of acids for polymerization, effects 
of different oxidizing agents and synthesis temperature [19]. A 
relatively standard method of synthesis via the chemical oxidation of 
aniline in an acidic medium was selected for a consistently pure, high 
molecular weight polymer following the work by MacDiarmid et al 
[20]. 
The quality of conductive PANI films has been greatly 
improved because of the progress in solution processing leading to the 
reduction of disorder [21,22]. Menon et al. have differentiated in the 
transport properties between PANI-CSA processed from solution in 
m-cresol [23-26] and PANI doped by conventional protonic acids [27-
31] such as HCl and H2SO4. 
The high quality freestanding films of polyaniline (emeraldine 
base) doped with d, 1-camphor-sulphonic acid (CSA) were prepared 
using emeraldine base synthesized to provide polymers of different 
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molecular weights [32]. Low molecular weight polyaniline, Mw < 
-100,000 was prepared by a well-known route [32, 33-36]. 
Polyaniline, because of its good environmental stability, has 
been used in secondary battery electrodes, sensors, electrochromic 
display devices, microelectronics, ion exchange resins etc. [37-47]. 
Troare et al. [48] showed that the initial weight loss of 
emeraldine hydrochloride under high vacuum performed by TGA, 
was attributed to the removal of hydrogen chloride, leading the 
polymer to emeraldine base observed at 230 °C. Further heating at 
520-740 °C, it underwent thermal degradation with the evolution of 
products such as ammonia, aniline, p-phenylene diamine, N-phenyl 
aniline and N-phenyl-1, 4-benzene diamine, while further heating 
produced the carbazole group. Yue et al. [49] suggested that, in the 
former case, an emeraldine base as well as sulphonated emeraldine 
degraded by similar mechanisms with the evolution of hydrogen 
chloride and sulphonic acid in the latter material. 
Tsai et al. [50] prepared polyaniline by oxidative 
polymerization of aniline in HCl solution containing ammonium 
persulphate [51] and sulphonated polyaniline was prepared by the 
method of Yue and Epstein [52]. Both the polymers did not show any 
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thermal degradation upto 650 °C in case of emeraldine base and upto 
450 °C in sulphonated polymer and were found to be highly thermally 
stable. The absence of ammonia and acetylene in the degradation 
products of either material, is the indication of some other mechanism 
of degradation. 
Syed and Dinesan [53] found somewhat similar results in their 
thermogravimetric analysis of polyaniline and compensated 
polyaniline, synthesized by various combinations of reagents. The 
weight losses were due to the loss of moisture from hydroscopic 
aniline, loss of sulphate or chloride ions and thermal decomposition of 
the polymer backbone in conducting materials, while insulating 
materials, ammonia compensated polyanilines, showed the weight 
loss because of the moisture loss from hydroscopic polyaniline and 
decomposition of the polymer chain. 
Gupta and warhadpande [54], reported the chemical preparation 
of substituted polyaniline by polymerizing m-toluidine, o-toluidine, o-
anisidine, acetanilide, diphenylamine and o-naphthylamine. 
Thermogravimetric studies showed that the ring-substituted polymers 
were less stable than the N-substituted polymers and also indicated 
that straight chain polymers were less stable than flat chain polymers. 
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The thermal stability of polyaniline doped with different acids 
was observed to be dependent on the counter-ions while no change in 
the structure of the polymer was supported by IR and electronic 
spectra below 200°C [55]. Kahler et al. [56], observed that 
chemically prepared polyaniline doped with HBr is the most thermally 
stable material among HF-, HC1-, HBr- and Hl-doped, highly 
conductive materials. Pareira da silva et al. [57], reported the 
synthesis of polyaniline doped by camphor sulphonic acid (CSA) on 
platinum working electrodes. Polyaniline doped with CSA showed a 
great change in its Raman spectra on heating. Polyaniline doped with 
CSA and processed in m-cresol showed a negligible effect on its 
Raman spectrum as the temperature increased. The results are further 
supported by the work of Li et al. [58], who observed that the 
emeraldine like state is the most stable state at comparatively high 
temperatures. 
Because of the reasonable stability of polyaniline, it may find 
iis use as electrode material in secondary battery, hxeversibility was 
observed by Kobayashi et al. [37], when a polyaniline anode was 
cycled in IM aqueous HCl at multiple potential scanning from 0.2 to 
l.OV versus SCE. The polymer material irreversibly lost its electrical 
conductivity, charge capacity and electrochromic properties by the 
three hundredth scan, [37,38,59,60]. 
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Kim et al. [61], prepared self-doped polyaniline by alkyl 
sulphonate substitution in the polymer backbone and observed that the 
degradation of polyaniline occurs via an imine intermediate [62,63]. 
Besides self-doping for a facile redox process, the perceived 
advantage of this bulky substituent includes the protection of nitrogen 
centers from nucleophiles, responsible for the irreversible degradation 
of polyaniline. The excellent redox cyclability of poly (aniline N-
butylsulphonate) over unsubstituted polyaniline was also confirmed 
by chronoabsorbtometry by Kim et al. [61]. 
The strong degradation of pure polyaniline films, prepared by 
cyclic voltammetry in aqueous sulphuric acid solution, was observed 
in H2O/PC, LiC104/PC and upon exposure to air and also in a IM 
H2SO4-O.5M Na2S04 solution. While in substituted polyanilines, 
degradation was studied in aqueous and organic solvents such as 
propylene carbonate (PC) and tetrahydrofuran (THF). It was observed 
that electron donor substituents and protophilic solvents favored the 
degradation. The results were further supported by impedance 
spectroscopic studies [64]. 
Grata et al. [65], observed a strong dependence of the 
electrochemical degradation of polyaniline on the potential window 
and efficiency of the cyclic redox process below 100%. Fairly stable 
discharge capacity and Coulombic efficiency of polyaniline-
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poly(styTene-sulphonate) in LiClO^/PC +DME during charging and 
discharging, were reported by Morita et al. [66]. 
Kaminaga et al. [67], demonstrated that the polyaniline reactivated by 
2,5 dimercapto-1, 3,4-thiadiazole showed a better stabiHty against 
irreversible decomposition and found a fairly similar effect in poly 
(N-methyl aniline) in cyclic voltammetric studies. 
Misra et al. [68], reported the synthesis of poly (2-ethylaniline) 
from a solution of 2-ethylaniline (O.IM) and tetra-n-butyl ammonium 
per-chlorate (O.IM) in 1,2-dichloro-ethane on a platinum working 
electrode under nitrogen. The polymer deposited on the electrode 
surface was found to be quite stable and could be cycled repeatedly 
without any evidence of decomposition. After converting an 
emeraldine base into a leucoemeraldine base, highly sulphonated 
polyaniline was synthesized by sulphonation with filming sulphuric 
acid by Epstein et al. [52,69-71]. This polymer is more stable than its 
parent polyaniline doped with HCl [72]. 
Yoon et al. (73,74) reported the thermopower data for various 
types of PANI. The room temperature values of thermopower reported 
to be approximately 10 |iV/K with small variations i± 2 \x V/K) 
depending on the process for film casting. The magnitude and +ve 
sign of S (T) are similar to those obtained from a number of partially 
p-type doped conducting polymers [75-78]. 
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OBJECTIVES 
Polyaniline has fascinated many research workers in academic 
and industry due its environmental stability and potential applications 
in conductor and semiconductor devices. Aniline and its derivatives 
form cheap raw materials as well. Therefore, the work has been 
carried out to-
1. Synthesize homo- and copolymers based on aniline and its 
derivatives such as aniline, o-toluidine, m-toluidine, p-toluidine, 2-
chloroaniline, 3-chloroaniline, 4-chloroaniline, 2-nitroaniline, 3-
nitroaniline, 4-nitroaniline and p-anisidine. 
2. Find out the solubility behavior of thus synthesized polymers so as 
to improve the processibillty of the polymers. 
3. Investigate the undoping and doping behavior in view to suggest 
their use as electrical conductors. 
4. Characterize the polymers by FTIR spectroscopy, XRD 
spectrometry, ESR spectroscopy and electrical conductivity. 
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CHAPTER-3 
3.1. Chemicals 
Aniline, 99% (CDH), o-Toluidine, 99.5% (E-Merck, India), m-
Toluidine, 98% (GSC), p-Toluidine, 98% (CDH), 2-Chloroaniline, 
98% (GSC), Potassium persulphate, 98% (CDH), Dimethyl 
Formamide, 99% (CDH), Dimethyl sulphoxide, 99% (Qualigens, 
Glaxo), N-Methyl Pyrrolidone-2, 99% (Merck, India), 
Ethylmethylketone, 99% (CDH), Benzene, 99% (Merck, India), 
Acetone, 99% (Merck, India), Hexane (BDH), Potassium dichromate, 
99.9% (GSC), Ammonia , 25% (Qualigens), Chloroform, 99.5% 
(Qualigens), Dicholoromethane, 99.5% (E.merck, India), Carbon 
disulphide, 99% (Thomoas Baker), Tetrahydrofuran, 99% (CDH) and 
Hydrochloric acid, 35% (E.merck, India) were used in this study. 
3.2. Synthesis of polymeric materials 
Polymers and co-polymers of aniline were synthesized by 
oxidative polymerization in aqueous hydrochloric acid using 
potassium persulphate (K2S2O8) as an oxidant. Aniline (0.02 moles) 
or a substituted aniline (0.02 moles) and K2S208 (0.025 moles) were 
dissolved separately in IM HCl (100 ml) and mixed slowly for 
polymer synthesis. Whereas aniline (0.1 moles) and a substituted 
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aniline (0.1 moles) in IM HCl (100ml) is mixed slowly with K2S2O8 
(0.025 moles) in IM HCl (100 ml) for copolymer synthesis. The 
reaction mixture was kept imder stirring for an hour and then left 
overnight. The reaction mixture was filtered and washed with IM 
HCl till the filterate became colorless. Polymer or copolymer thus 
synthesized was undoped by treatment with excess amount of IM 
aqueous ammonia and repeatedly washed with distilled water until the 
filterate became neutral. Materials were dried approximately for 48 
hours at 70°C in an air oven. 
3.3. Doping 
Doping of polymers and copolymers was done by treatment 
with IM aqueous HCl. The materials were washed for excess HCl 
with distilled water repeatedly till the filterate gave a negative test for 
hydrogen ions. 
3.4. Electrical conductivity measurements 
Electrical conductivity measurements were performed on 
pressed pellets by using a two-probe self-fabricated device. Whereas 
a four-in-line probe electrical conductivity measuring instrument 
(Scientific Equipment, Roorkee) was also used four-probe DC 
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electrical conductivity measurements with increasing temperature for 
some representative samples. 
3.5. Solubility Studies 
Solubility of polymers and copolymers were tested at ambient 
temperature and a few grains of material were shaked in 
dimethylformamide (DMF), dimethylsulphoxide (DMSO), N-
methylpyrrolidone-2 (NMP), chloroform (CF), dichloromethane 
(CM), acetone (AC), benzene (BZ), carbondisulphide (CDS), 
ethylmethylketone (EMK) and hexane (HEX). The solubility of 
polymers is reported in terms of soluble (S), partially soluble (PS) and 
insoluble (INS). 
3.6. Electron spin Resonance Spectroscopy 
A Varian E-104A (X-band)) ESR spectrometer operating at 9 
GHz was used to record the spectra of the samples. A modulation 
depth of 0.5 G and speed of 4 min. per Gauss was used in all spectra 
and other experimental conditions such as field, amplifier gain, scan 
range, microwave power, recorder time constant and scan time were 
set according to requirements. 
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3.7. X-ray Diffraction Spectroscopy 
X-Ray Diffraction patterns of undoped and doped samples were 
taken by using X-Ray Diffractometer PW 1145/89. Ditfractogreims 
were taken in 29 scan, in the range of scattering angle 26 (5"^ to 85°) at 
a current of 20 mA with chart speed 1 cm per min. Cu Ka radiation 
was monochromatised by a Ni-filter pulse height analyser and 
registered with a scintillation counter at voltage of 35 KV with G. M. 
speed l°/min. 
3.8. FTIR Spectroscopy 
FTIR spectra of all the samples were recorded by using Perkin 
Elmer FTIR (1710) spectrophotometer on KBr pellets. 
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CHAPTER-4 
4.1. Synthesis of Polymers and co-Polymers 
Polyaniline (PANI), being an outstanding member of 
intrinsically conducting polymers combines the typical properties of 
metals as well as of synthetic polymers. It has been known for long 
time as aniline black, however, detailed study on its synthesis and 
characterization in view of its possible potential applications as 
electrically conductive material has been realized sometimes 1910 by 
Green and Woodhead [1]. Diaz and Logan [2] reported reversibility 
of electrical conductivity and color on doping and undoping by a 
redox process in 1980. Polyaniline has fascinated due two important 
reasons, viz. (i) it can be synthesized very easily by chemical as well 
as electrochemical methods using cheap raw materials and (ii) its 
sensitivity towards hydrogen ions due to nitrogen atoms in the 
polymer chain is the source of its electroactivity. Due to this reason, 
the aniline-based polymers have also become the source of inspiration 
as they may become the suitable replacement of aniline in certain 
applications. 
Polymers based on aniline and its derivatives were synthesized 
by oxidative coupling using potassium persulphate and potassium 
dichromate in one case [1,2]. The reaction temperature, catalysts used 
and the yield of polymers are given in table-2. Thus prepared dark 
green polyaniline was of high molecular weight as very little (< 0.5%) 
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Table-2. Synthesis of aniline based polymers and copolymers. 
S.No. POLYMER roENTBFI-
CATION 
CATALYST 
USED 
TEMP. 
(K) 
YIELD 
(%) 
1 Polyaniline PANI K2S2O8 
K2S2O8 
273 
313 
70.75 
22.66 
2 Poly(o-toluidine) POT K2S2O8 
K2S2O8 
303 
313 
56.46 
13.20 
3 Poly(m-toluidine) PMT K2S2O8 
K2S2O8 
K2S2O8 
273 
303 
313 
44.58 
71.80 
20.65 
4 Poly(p-toluidine) PPT K2S2O8 
K2Cr207 
K2Cr207 
273 
298 
303 
<2.00 
37.20 
10.83 
5 Poly(2-chloroaniline) P2CA K2S2O8 
K2S2O8 
303 
313 
69.40 
17.00 
6 Pol ;y(3 -chloroaniline) P3CA K2S2O8 
K2S2O8 
308 
313 
<2.00 
4.15 
7 Poly(4-chloroaniline) P4CA K2S2O8 308 <2.00 
8 Poly(2-nitroaniline) P2NA K2S2O8 303 • 0.00 
9 Poly(3-nitroaniline) P3NA K2S2O8 303 0.00 
10 Poly(4-nitroaniline) P4NA K2S2O8 303 0.00 
11 Poly(aniline)co(o-to!uidine) PAOT K2S2O8 
K2S2O8 
303 
313 
11.11 
23.54 
12 Poly(aniline)co(m-toluidine) PAMT K2S2O8 303 24.56 
13 Poly(aniline)co(p-toluidine) PAPT K2S2O8 303 37.74 
14 Poly(aniline)co(2-chloroaniline) PA2CA K2S2O8 293 7.68 
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oligomers could be extracted on soxhlation for 24 h. The yield as 
high as 70% in case of polyaniline, poly(m-toluidine) and poly(2-
chloroaniline) was achieved under certain reaction conditions. The 
effect of temperature on yield seems to be very pronounced in all the 
cases. In case of polyaniline, poly(o-toluidine) and poly(2-
chloroaniline), a decrease in yield as the temperature raised to above 
0°C. Whereas an initial increase in yield, then decrease was noticed in 
case of poly(m-toluidine) and poly(p-toluidine). Poly(p-toluidine) 
gave fairly good yield of 37.20% at 298°C as compared to its yield of 
<2% at 273°C by using oxidant, K2Cr207. Hence, the yield of poly(p-
toluidine) could be enhanced by using oxidant, K2Cr207, to the extent 
of 37% from <2% if prepared from K2S2O8. A positive effect on the 
yield of poly(aniline)co(o-toluidine) was also observed. Nitroanil ines 
in the above-mentioned reaction conditions did not produce any 
polymer by using either of the oxidants, which may be due to the high 
electron-withdrawing characteristic of nitro group. Aniline underwent 
oxidative coupling only at below 0°C very efficiently leading to a 
good quality polyaniline in fairly good yield whereas other monomers 
could produce polymers at room temperature; however, the yield was 
severely affected at higher temperatures. 
When aniline is oxidized in acidic aqueous medium v^ith 
potassium persulphate, the protonated conducting form of polyaniline 
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(PANI:HC1) is produced as given in the following chemical reaction 
[3]-
4 Ph-NH3* + 5 SaOg^ ' -^ 2 -[-Ph-NH-Ph-NH M- + 12 H" + 10 S04 -^ (3) 
The color change from dark green to sky blue is associated with 
the neutralization of positive charges on protonated PANI chains. The 
process may be treated as n-type of doping of a p-type doped polymer 
in which a polymer passes through an insulating state. Schollhom and 
Zagefka [4] have suggested a redox reaction for ammonia or amine 
intercalation into layered metal chalcogenides, which has been further, 
supported by the work of Foot and Shaker [5]. On the basis of the 
disproportionation reaction of ammonia as suggested by above 
workers, an analogous reaction for the undoping of polythiophene 
(PTH) by water was also suggested by Mohammad [6]. The overall 
chemical reactions are given in the following equations-
8 NH3 -^ 6 NH,^ + 6 e" + N2 (4) 
PTir-BF4' + NH,^ + e -^ PTH + NH4BF4 (5) 
6 H2O -> 4 HsO^ + 4 e" + O2 (6) 
PTH -^BF4' + HjO^ + e" -> PTH + HBF4.H2O (7) 
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HBF4.H2O -> HF + BF3 +H2O (8) 
The charge neutralization reaction depends on the rate of 
chemical reaction between the polymer and dopant, which in turn will 
depend upon the reactivity of polymer chain and the basic strengtli of 
dopant [6]. The basic strength of water is very low, hence, does not 
act as undoping agent in case of polyaniline, however, an analogous 
neutralization reaction for polyaniline undoping by ammonia may be 
suggested as under-
PANf-Cr + NH4^  + e- -> PAN! + NH4CI (9) 
4.2. Electrical conductivity and doping behavior 
The electrical conductivity of polyaniline increases right j5-om 
insulator through semiconductor to metallic region on treatment with 
protonic acids. The various states of oxidation and protonation of 
polyaniline are shown in figure-5 [7]. As evident from table-3 and 
figure-6, PANI:HC1 possesses sufficiently high electrical conductivity 
of about 0.025 S cm"^  that falls in the metallic region and became an 
insulator on treatment with ammonia. An increase of about 8-10 
orders of magnitude in electrical conductivity of PAN! has been 
reported on doping with various doping agents as evident from table-4 
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Figure-5. Simplified molecular formula of polyaniline in its 
various states of oxidation and protonation. 
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Table-3. Electrical conductivity data of polyaniline measured on pressed 
pellet (25 KN for 5 min, pellet thickness = 0.77 mm). 
Temp. 
(K) 
l/Temp. 
(1/K) 
Voltage 
(V) 
Current 
(MA) 
axio^ * 
(Scm^ M 
Log o 
297.8 0.00336 .090 97.00 30.89 -2.51 
303 0.00330 .082 97.00 33.90 -2.47 
308 0.00324 .078 97.00 35.64 -2.45 
313 0.00319 .072 97.00 38.60 -2.41 
318 0.00314 .067 97.00 41.49 -2.38 
323 0.00309 .064 97.00 43.44 -2.36 
328 0.00304 .059 97.00 47.12 -2.33 
333 0.00300 .055 97.00 50.55 -2.30 
338 0.00295 
"0.00291 
.050 
"" ":047 " 
97.00 
' 97.00'" 
55.60 
59.15 " 
-2.25 
" -2^23 ~ 343 
348 0.00287 .045 97.00 61.78 -2.21 
353 0.00283 .042 97.00 66.26 -2.18 
358 0.00279 .039 97.10 71.36 -2.15 
363 0.00275 .037 97.10 75.20 -2.12 
368 0.00271 .035 97.10 79.50 -2.09 
373 0.00268 .033 97.10 84.30 -2.07 
378 0.00264 .031 97.10 89.77 -2.05 
383 0.00261 .029 97.10 95.96 . -2.02 
388 0.00257 .027 97.10 103.07 -1.98 
393 0.00254 .025 97.10 111.32 -1.95 
398 0.00251 .023 97.10 121.00 -1.91 
403 0.00248 .022 97.10 126.50 -1.89 
408 0.00245 .020 97.10 139.00 -1.85 
413 0.00242 .017 97.10 163.70 -1.78 
418 0.00239 .016 97.10 173.90 -1.75 
423 0.00236 .014 9"/ .10 198.70 -1.70 
428 0.00233 .013 97.10 214.00 -1.66 
433 0.00231 .012 97.10 231.90 -1.63 
430 0.00220 .011 97.10 253.00 -1.59 
443 0.00225 .011 97.10 253.00 -1.59 
448 0.00223 .011 97.10 253.00 -1.59 
453 0.00220 .011 97.10 253.00 -1.59 
458 0.00218 .011 97.10 253.00 -1.59 
463 0.00215 .011 97.10 253.00 -1.59 
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Figure-6. Temperature (K) dependence of electrical 
-1 
conductivity (Sera ) of HCl doped polyaniline. 
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Table-4. Electrical conductivity of differently doped polyanilines 
[Reference 91. 
Polymer Doping agent Conductivity 
(Scm-^ ) 
Polyaniline HCl 
HCl/CSA/DBSA/MSA 
H3PO4 
CSA/m-Cresol 
Phosphotuiigstic acid 
CSA/DBSA 
Diphenyl phosphate 
3.8X10"^-350 
10-220 
40-58 
100 
0.3 
100 
65 
Chlorinated 
polyaniline 
HCl 4.3X10"'^  
Poly(o-toluidine) HCl/HNO /^HjSOV 
CH3COOH/H3PO4 
2.2X10''^-3.4X10"^ 
Poly(p-bromo-
aniline) 
Pristine Polymer 
HCl 
I2 
3X10-^  
1X10-^  
1.1-1.3X10"^ 
CSA:Camphorsulphonic acid, DBSA:Dibutylsulphonic acid and 
MSA:Methanesulph6nic acid 
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[8,9]. It may be observed jfrom table-4 that the nature of polymer as 
well as the nature of doping agent used play important role in 
imparting the electrical conductivity to polyaniline based polymers. 
The electrical conductivity of other materials also falls within metallic 
to semiconductor region. Polyaniline show an Arrhenius type of 
temperature dependence similar to extrinsic semiconductors as 
evident from figure-6 with two regions of different activation energy. 
The increase in electrical conductivity with rise in temperature is due 
the increase in population of charge carriers and then finally levels off 
which may be due to hindrance experienced by the charge carriers in 
semiconductor to metal transition. The four in line probe DC 
electrical conductivity of some representative polymers studied is 
given in table-5. The lower electrical conductivity of homo- and 
copolymers based on aniline seems to be due to steric hindrance 
caused by the substituents. Similar lower electrical conductivity of 
polymers based on aniline derivatives has been reported [7]. The 
details of DC electrical conductivity measurements may be seen in 
Appendix-I. 
4.3. Solubility 
Solubility of polymers and copolymers were tested at ambient 
temperature in the solvents such as in dimethylformamide (DMF), 
dimethylsulphoxide (DMSO), N-methylpyrrolidone-2 (NMP), 
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Table-5. Electrical conductivity of some representative aniline 
based polymers. 
S.No. POLYMER IDENTIFICATION o X10"* (Scm-^ ) 
1 Polyaniline PANI 33.9 
2 Poly(o-toluidine) POT 0.67 
3 Poly(m-toluidine) PMT 0.015 
4 Poly(aniline)co-(o-toluidine) PACT 0.29 
5 Poly(o-toIuidine)co-(m-toluidine) POTMT 0.26 
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chloroform (CF), dichloromethane (CM), acetone (AC), benzene 
(BZ), carbondisulphide (CDS), ethylmethylketone (EMK) and hexane 
(HEX). The solubility of polymers is reported in terms of soluble (S), 
partially soluble (PS) and insoluble (INS). The solubility behavior of 
polymers is given in table-6. It has been observed that these polymers 
also become insoluble or partially soluble on doping as is the case 
with most other electrically conducting polymers. 
4.4. FTIR Spectroscopy 
The details of FTIR spectra of polymers are given in table-7 
and figure-7. The assignments from reference 7 have been followed 
for polyaniline. The band corresponding to out of plane bending 
vibration of C-H bond of p-disubstituted benzene rings appears at 825 
cm"\ The bands corresponding to stretching vibrations of N-B-N and 
N=Q=N structures appear at 1492 cm"^  and 1585 cm"^  respectively 
where -B- and =Q= stand for benzenoid and quinoid moieties in the 
polymer. The bands corresponding to vibration mode of N=Q=N ring 
and stretching mode of C-N bond appear at 1147 cm'^  and 1301 cm"V 
The FTIR spectrum supports the presence of benzenoid as well as 
quinoid moieties in the PANI. HCl doping caused lowering of bands 
corresponding to quinoid as well as bezenoid moieties. The 
assignments reported [7] for poly(o-toluidine) and poly(m-toluidine) 
are comparable with our findings. Other homo- and copolymers 
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Table-6. Room temperature solubility behavior of aniline based 
polymers in different solvents at room temperature. 
SOLVENT 
POLYMER 
i 
DMF DMSO NMP CF CM AC BZ CDS EMK HEX 
PANI s s s PS PS PS IS PS IS IS 
POT s s s s s s s s S IS 
PMT s s s PS PS IS IS IS IS IS 
PAOT s s s s PS PS IS IS PS IS 
PAMT s s s PS IS IS IS IS IS IS 
POMT s s s PS PS PS PS PS IS IS 
P2CA s s s S s PS PS PS PS IS 
PANI* PS PS PS PS PS PS PS PS PS IS 
POT* PS s s PS PS IS IS IS IS IS 
DMF:Dimethylformamide, DMSO:Dimethylsulphoxide, NMP:N-
MethylpyiTolidone-2, CF:Chloroform, CM:Dichloromethane, 
AC:Acetone, BZ:Benzene, CDS:Carbon Disulphide, 
EMK:Ethylmethylketone and HEX:Hexane. 
S-Soluble; PS-Partially soluble; IS- Insoluble 
*:Doped polymer 
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•h Table-7. FTIR peak positions (cm') in aniline based polymers. 
UNDOPED POLYMERS 
PANI POT PMT PAOT PAMT PAPT POMT P2CA P3CA PA2CA PPA 
503.4 572.8 813.9 572.8 586.3 592.1 572.8 682.8 678.9 1008.7 727.1 
825.5 734.8 1006.8 1004.8 771.5 815.8 611.4 748.3 775.3 1392.5 825.5 
1147.6 802.3 1159.1 1107.1 1016.4 1049.2 802.3 829.3 920.0 1631.7 1029.9 
1242.1 1001.0 1240.1 15%.9 1105.1 1212.7 1008.7 1045.3 1039.6 2335.6 1178.4 
1301.9 1105.1 1380.9 1986.5 1163.0 1296.1 1103.2 1180.4 1082.0 3348.2 1251.7 
1492.8 1149.5 1496.7 2131.2 1481.2 1506.3 1471.6 1296.1 1188.1 3386.8 1290.3 
1585.4 1209.3 1608.5 3134.1 2815,9 1585.4 3010.7 1500.5 1292.2 3679.9 1415.7 
2385.8 1479.3 3193.9 3732.0 2979.8 2868.0 3236.3 1577.7 1328.9 1494.7 
3770.6 1595.0 3340.5 3085.9 2923.9 3346.3 2179.4 1417.6 1566.1 
2345.3 3764.8 3325.0 3762.9 3471.6 2565.1 1502.4 2194.8 
2378.1 3473.6 3585.4 2866.0 1573.8 2949.0 
2520.8 3527.6 3629.8 2185.2 3222.8 
377.6 3066.6 
3242.1 
HCl DOPED POLYMERS 
PANI POT PMT PAOT POMT 
459.0 509.2 1012.6 769.5 601,7 
1031.8 702.0 1105.1 1010,6 686.6 
1236.3 808.1 1390.6 1105,1 773.4 
1560.3 945.1 1614.3 1213.1 877.6 
2181.3 1010.6 2191.0 1473.5 1008,7 
3255.6 1090.0 2272.0 1587.3 1105, 
3327.0 1157.2 2349.1 2158.2 1388.'' 
3411.8 1217.0 3209.3 2335.6 1477.4 
1490.9 3417.6 2545.9 1587.:! 
1589.2 3753.2 3120.6 1996.:; 
2158.2 3419.6 2100.:; 
3782.1 2362.(. 
3190.0 
3388.'' 
PANI:Polyaniline, POT:Poly(o-toluidine), PMT:Poly(m-toluidine), 
PAOT:Poly(aniline)co(o-toluidine),PAMT:Poly(aniline)co(m-toluidine), 
PAPT:Poly(aniline)co(p-toluidine),POMT:Poly(o-toluidine)co(m-toluidine), 
P2CA:Poly(2-chloroaniline),P3CA:Poly(3-chloroaniline), 
PA2CA:Poly(aniline)co(2-chloroaniline) and PPA:Poly(p-anisidine). 
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Figure-7. FT-IR spectra of aniline-based polymers. 
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showed the characteristic bands according to their structural 
requirements. The FTIR spectrum of undoped polyaniline (PANI) 
showed the usual absorption bands slightly at lower positions than the 
reported ones, which may be due to high molecular weight of the 
polymer [10]. 
4.5. X-Ray Diffractometry 
The x-ray diffraction technique is a very powerful tool for 
complete structure determination if single crystals are available. 
However, in case of semicrystalline materials, x-ray diffraction 
spectra are recorded on powdered samples and only limited 
information could be obtained from the data. The intensity and 
distribution of x-ray peaks could be used to determine the structure of 
the unit cell and the width at half height could be used as the measure 
of crystallinity. Also, the purity of the samples could be established 
and limiting packing density could be estimated by this technique 
[11]. XRD data is given in table-8 and the diffractograms recorded 
on powdered samples are given in figure-8. It is evident from the data 
given in table-8 as well as figure-8 that the polymers so prepared are 
extremely amorphous and, therefore, no crystal structure could be 
suggested for these materials. 
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Table-8. X-ray diffraction patterns of Polymer samples. 
UNDOPED POLYMERS 
Polymer Angle n Intensity Half height 
width(°) 
PANI 10.45 1.1 4.80 
POT 9.60 1.4 5.40 
PMT 9.50 3.3 6.70 
PAOT 12.40 1.8 7.75 
PAMT 12.50 2.5 1.80 
HCl DOPED POLYMERS 
Polymer Angle n Intensity Half height 
width(°) 
PANI 5.09 
10.50 
12.50 
14.75 
15.3 
21.50 
0.9 
1.9 
2.5 
2.2 
2.4 
0.7 
0.2 
0.1 
1.1 . 
0.25 
0.17 
0.21 
POT 12.15 
7.35 
2.9 
2.1 
2.1 
very narrow 
PMT 11.31 2.5 3.6 
PAOT 12.05 2.8 2.2 
PAMT 10.00 
12.70 
1.7 
2.2 
0.25 
1.35 
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Figure-8. X-ray diffraction patterns of aniline-based polymers. 
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4.6. ESR spectroscopy 
ESR data of polymers based on aniline and ESR spectra of 
some representative polymers are given in table-9 and figure-9 
respectively. The area of ESR signal may be directly related to the 
number of spins present in the sample. The width of the ESR signal 
may be related to the extent of delocalization of electrons and thus to 
the extent of conjugation. The position of ESR signal may be related 
to the neighboring environment of the electronic spin i.e. g-factor. 
The g-factor for a free electron spin is 2.0013. The symmetry of ESR 
signal may be related to the conductivity of the polymer. The spin 
lattice relaxation time, Ti, from line width and saturation power and 
spin-spin relaxation time, T2, from line width and spin concentration, 
may also be determined [12]. These parameters may further be 
interpreted in terms of electrical conduction theories in conducting 
polymers [13]. 
The general observation that the weak and symmetrical ESR 
signals became unsymmetrical on doping of other conducting 
polymers such as poly acetylene, polythiophene, polypyrrole etc. [14], 
was not observed in case of polyaniline on doping with HCl. The free 
radical site on nitrogen atom interact with its +ve charge and, hence, 
there is a remarkable difference in g value of undoped as well as 
doped polymers between that of free electron. Only single ESR line is 
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Table-9. The ESR data of aniline based polymers. 
UNDOPED SAMPLES 
Sample 
Signal 
width 
(G) 
g Value 
Signal 
Type 
(a/b) 
Signal 
position 
(G) 
Gain 
PANI 19.16 2.007 1.52 (U) 3380.00 20 
POT 37.49 2.011 1.34 (U) 3375.01 20 
PMT 36.65 2.005 1.40 (U) 3370.00 100 
PPT 29.99 2.000 1.50 (U) 3375.80 200 
PAOT 29.99 2.004 1.50 (U) 3375.80 310 
PAPT 21.66 2.004 1.68 (U) 3380.00 320 
P2CA 24.12 2.006 1.50 (U) 3368.00 630 
PA2CA 29.12 2.004 1.40 (U) 3377.51 63 
Scan range:3400 ± 150 G, Time constant:0.03 s, Chart speed:75 Gmin''', 
Microwave power:5 MW, Frequency:9.44 GHz, UiUnsymmetrical signal and 
S: Symmetrical signal 
DOPED SAMPLES 
Sample 
Signal 
width 
(G) 
g Value 
Signal 
type 
(a/b) 
Signal 
position 
(G) 
Gain 
PANI 24.44 2.0153 1.00 (S) 3346.71 3.2 
POT 26.66 2.0153 1.00 (S) 3346.86 1.0 
PMT 24.44 2.0153 1.00 (S) 3346.69 1.6 
PPT 44.44 2.0113 1.03 (U) 3353.40 63 
PAOT 19.99 2.0173 1.03 (U) 3343.33 63 
PAPT 22.22 2.0153 1.00 (S) 3346.69 3.20 
P2CA 39.99 2.0126 1.06. (U) 3351.19 63 
Scan range:3300 ± 400 G, Time constant:0.03 s, Chart speed:75 Gmin"'', 
Microwave power:5 MW, Frequency:9.44 GHz, U:Unsymmetrical signal and 
S:Symmetrical signal 
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Figure-9. ESR spectra of some aniline-based polymers. 
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Figure-9. Continued. 
PAGE-59 
observed in polyaniline due radical incorporated into a large molecule 
and strong delocalization of unpaired electron, causing complete loss 
of hyperfine splitting as reported by others [7]. The decrease in signal 
width is an indication to the enhanced mobility of charge carriers and 
accordingly poly(o-toluidine) and poly(m-toluidine) showed decrease 
in the signal width as reported by others [7]. 
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CHAPTER-5 
Homo- as well as copolymers were synthesized efficiently by 
this method. The yield of polyaniline, poly(o-toluidine), poly(m-
toluidine) and poly(2-chloroaniline) were observed to be above 55% 
in the optimized reaction conditions. Most of the monomers 
underwent efficient polymerization in the range of 10-25°C. 
Although, potassium persulphate was observed to be very effective 
oxidant for polymer preparation, it remained unsuccessful in 
polymerizing nitroanilines in this study. The polymers so produced 
under^'ent a great change in their electrical conductivity from 
insulator to conductor on exposure to HCl, doping agent. 
Dimethylformamide (DMF), dimethylsulphoxide (DMSO) and N-
methylpyrrolidone-2 (NMP) were observed to have some solvating 
effect on most of the polymers and may be used for polymer 
processing by solvent method. Poly(o-toluidine) was observed to be 
soluble in all the solvents tried except hexane (HEX). The polymers 
produced were characterized by using FTIR spectroscopy, X-Ray 
Diffraction Spectrometry, ESR Spectroscopy and electrical 
conductivity. The polymers are extremely amorphous in nature. 
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APPENDIX-I 
Four in line probe electrical conductivity measurements 
The problems generally faced in two probe conductivity 
measurement are, for example, the rectifying nature of metal-
semiconductor contacts and the injection of minority carriers by one 
of the current carrying contacts affecting the potential of other 
contacts and modulating the conductance of the materials etc. Four in 
line probe conductivity measurement of semiconductors is the most 
satisfactory method as it overcomes difficulties, which are 
encountered in conventional methods. It also permits the measurement 
of electrical conductivity in samples having wide variety of shapes. In 
order to use the four-probe method, it u necessary to make the 
following assumptions-
1. The conductivity of the material is uniform within the area of 
measurements. 
2. If there is minority carrier injection into the material to be tested by 
the current carrying electrodes, most of the carriers recombine near 
the electrodes so that their effect on the conductivity is negligible. 
3. The surface on which the probes rest is flat with no surface 
leakage. 
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4. The four probes used for electrical conductivity measurement must 
contact the surface at points that lie in a straight line. 
5. The diameter of the contact between the metallic probes and the 
material should be smaller than the distance between the probes. 
6. The surface of the material to be tested may either is conducting or 
non-conducting. 
a. A conducting boundary is one in which the bottom surface 
of the material to be tested is of much higher conductivity 
than that of the material itself Copper plating on the bottom 
surface of the semi-conductor slice could achieve this. 
b. A non-conducting boundary is produced when the bottom 
surface of the material to be tested is in contact with an 
insulator such as polytetrafluoroethylene. 
The four in line probe electrical conductivity measuring 
instrument consists of four individually spring-loaded probes, coated 
with zinc at the tips. The probes are coUinear and equally spaced at a 
probe spacing of 2 mm. The zinc coating and individual spring 
ensure good electrical contacts with the sample. The probes are 
mounted in a teflon bush, which ensure good electrical insulation 
between the probes. A teflon spacer near the tips is also provided to 
keep the probes at equal distance. The whole arrangement is mounted 
on a suitable stand and leads are provided for current, voltage and 
temperature measurement. 
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Along with the probe arrangement, the following three devices 
are also provided. 
1. Voltmeter:A digital micro-voltmeter with the following 
specifications-
Range: 1 mV, 10 mV, 100 mV, 1 V and 10 V 
Resolution: 1 |iV 
Accuracy: ± 0.25% of reading ± 1 digit 
Impedance: >10 MQ on 10 V range 
Display: 3'/2 digit, 7 segment, LED (12.5 mm height) with auto 
polarity and decimal indication 
Overload Indicator: Sign of 1 on the left and blanking of other digits 
2. Low current source: A battery operated low current source witli 
the following specifications-
Current ranges: 0-100 jiA and 0-1 mA 
Accuracy: ± 0.25% of reading ± 1 digit 
Open circuit voltage: 15 V minimum 
Display: 3V2 digit LCD display 
Power: 3 x 9 V battery 
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3. Oven: A small PID controlled oven for the variation of temperature 
of the material from room temperature to about 200°C with the 
following specifications-
Temperature range: Ambient to 200°C 
Resolution: 0.1 °C 
Short range stability: ± 0.2°C 
Long range stability: ± 0.5°C 
Measurement accuracy: ± 0.5°C 
Sensor: RTD (A class) 
Display: 3 Yi digit, 7 segment, LED with auto polarity and decimal 
indication. 
Power: 150 W 
The sample to be tested is placed on the base plate of four-
probe arrangement and the probes were allowed to rest in the middle 
of the sample. A very gentle pressure is applied on the probes and 
then it was tighten in this position so as to avoid piercing of the probes 
into the samples. The arrangement was placed in the oven. The 
current was passed through the two outer probes and the floating 
potential across the inner pair of probes was measured. The oven 
supply is then switched on, the temperature was allowed to increase 
gradually while current, and voltage was recorded with rise in 
temperature. The data so generated for the determination of electrical 
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conductivity of aniline-based polymer samples was processed for 
calculation of electrical conductivity using the following equation-
a = G7(W/S)/ao 
where a is electrical conductivity in Scm*\ G7(W/S)= (2S/W)loge2, 
Go=l/2WitS, W is the thickness of the sample under test (cm) and S is 
the probe spacing (cm), I is the current (A) and V is the voltage (V). 
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PROOE 
FOUR IN LINE DC ELECTRICAL CONDUCTIVITY 
MEASURING INSTRUMENT 
PAGE-67 
1 00-0 
7 0 . 0 
50-0 
3 0 - 0 
2 0 - 0 
G7{W/S) 
1 0-0 
7-0 
5-0 
3-0 
2-0 
1-0 
1 ^ 1 ' 1 ' 1 
0 \l 0[ } JL 
vv 
ANON-CONDUCTING 
^BOUNDARY 
0-1 0-2 0-3 0-4.0-5 0-7 1-0 
W/S 
3 / 1 5 7 10-0 
CORRECTION DIVISOR FOR PROBES ON A THIN SLICE 
WITH A NONCONDUCTING BOTTOM SURFACE 
PAGE-68 

CHAPTER-1. 
1. V.R.Gowariker, N.V.Viswanathan and J.Sreedhar, Polymer 
Science, New Age International (P) Ltd, Publishers (1986). 
2. F. W. Billmeyer, Jr., Textbook of Polymer Chemistry (2nd ed.), 
Wiley-Interscience (1971). 
3. L. Reich and S.S.Stivala, Elements of Polymer Degradation, 
McGraw-Hill, New York (1971). 
4. G. Geuskens (ed.), Degradation and Stabilization of Polymers, 
Applied Science, London (1975). 
5. Y. Kamiya and E. Niki, in. Aspects of Degradation and 
Stabilization of Polymers, ch 3 (Ed.) H. H. G, Jellink, Elsevier, 
Amsterdam (1978). 
6. N.F. Mott, and R. W. Gumey, Electronic Processes in Ionic 
Crystals, Oxford University Press (1948). 
7. M. Kosaki, K. Sugiyama and M. leda, Appl. Phys. 42, 3388 
(1971); 31, 1598(1971). 
8. T. Miyamoto and K. Shibayama, J. Appl. Phys., 44, 5372 (1973). 
9. A. R. Blythe, "Electrical Properties of Polymers" Cambridge 
University Press, Cambridge, (1979). 
10. C. Lamy, J. M. Leger and F. Gamier, in "Handbook of Organic 
Conductive Molecules and Polymers" (H. S. Nalwa, Ed.), Vol. 3, 
p. 471.Wiley, Chichester, (1997). 
PAGE-69 
11. B. Wessling, in "Handbook of Organic Conductive Molecules and 
Polymers" (H. S. Nalwa, Ed.), Vol. 3, p.497. Wiley, Chichester, 
(1997). 
12. M. M. Labes, P. Love and L.R. Nchols, Chem. Rev. 79, 1 (1979). 
13. D. C. Bott, in Handbook of conducting polymers, vol.2, p. 119, 
(Ed.) T. A. Skothein, Marcel Dekker, New York (1986). 
14. A. G. MacDiaramid, and R. B. Kaner, in Handbook of 
Conducting Polymers, Vol. 1 (T. A. Skotheim, ed.) pp.690-727 
(1986). 
15. A. F. Diaz, J. J. Castillo, J. A. Logan, and W. Y. Lee, J. 
Electroanal. Chem., 129:115 (1981). 
16. F. Gamier, G. Tourillon, M. Gazard, and J. C. Dubois, J. 
Electroanal. Chem., 148:229 (1983). 
17. O. Inganas and I. Lundstrom, Synth. Met., 21:13 (1987). 
18. H.Yoneyama, K. Wakamoto, and H.Tamura, J. Electrochem. Soc, 
132:2414 (1985); R. B. Bjorklund and F. Lundstrom, J. Electron. 
Mat., 14:39 (1985) 
19. M. Akhtar, H. A. Weakliem, R. M. Paiste, and K. Gaughan, 
Synth. Met, 26:203 (1988). 
20. A. J. Frank, Energy Resources Through Photochemistry and 
Catalysis, M. Gratzel, ed.. Academic, New York, pp. 467-505 
(1983). 
21.R. Noufi, D. Tench, and I. F. Warren, J. Electrochem. Soc, 
128:2596 (1981) 
PAGE-70 
22. T. A. Skotheim, O. Inganas, J. Prejza, and I. Lundstrom, Mol. 
Cryst. Liq. Cryst, 83:1361 (1982). 
23. S. Gleins and A. J. Frank, Synth. Met.,28:C681 (1989). 
24. A. E. Hadri, O. Maleysson, and H. Robert, Synth. Met, 28:C697 
(1989). 
25. H. Koezuka and A. Tsumura, Synth. Met., 28:C753 (1989). 
26. M. Josowicz and J. Janata, Chemical Sensor Technology, vol. 1, 
T. Seiyama, ed., Elsevier, Amsterdam, pp. 153-177 (1988). 
27. C. B. Duke, and H. W. Gibson, Encyclopedia of Chemical 
Technology, vol. 18, Wiley, New York, pp.755-793 (1982). 
28. H. Kuzmany, M. Mehring, and S. Roth, eds.. Electronic properties 
of polymers and related compounds. Springer- Verlag, Berlin, 
(1985) and references therin. 
29. M. Kobayashi, N. Colanari, M. Boysel, F. Wudl, and A. J. 
Heeger, J. Chem. Phys., 82:5717 (1986). 
30.T. Ojio and S. Miyata, Polym. J. ,18:95 (1986). 
31.T. F. Otero and E. D. Larreta, Synth. Met., 26:79 (1988). 
32.0. Niwa and T. Tamamura, Synth. Met., 20:235 (1987). 
33.R. H. Baughman, R. L. Elsenbaumer, Z. Iqbal, G. G. Miller, H. 
Eckhardt, U. S. Patent, 4, 646,066 (1987); Electronic Properties of 
Congugated polymers Vol.76, H. Kuzmany, M. Mehring, and S. 
Roth, eds., Springer- Verlag, Berlin, pp. 432-439 (1987). 
34.M. K. Marios, U. S. Patent, 4, 334, 880 (1982). 
PAGE-71 
35. G. Berthet, J. P. Blanc, J. P. Germain, A. Larbi, C. Maleysson, and 
H. Robert, Synth. Met, 18:715 (1987). 
36. K. Yoshino, H. S. Nalwa, W. F. Schmidt and J. G. Rabe, Polym. 
Commun., 26:103(1985). 
37. L. Reich and S. S. Stivala, Elements of Polymer Degradation, 
Graw-Hill, New York (1971). 
38. G. Geuskens (Ed.), Degradation and Stabilization of polymers, 
AppHed science London (1975). 
39. Y. Kamiya and E. Niki, in Aspects of Degradation and 
Stabilization of Polymers, Ch.3 (Ed.) H. H. G. Jellinek, Elsevier, 
Amsterdam (1978). 
40. W. Schnabel, Degradation and Stabilization of Polymers, Case 
Hanser Verlag, Munich (1982). 
41. A. R. Blythe, in Electrical Properties of Polymers Ch.5, p.90, 
Cambridge University Press, Cambridge, (1979). 
42. S. Merchant and P. J. S. Foot, Mater. Sci. Eng. B9, 269 (1991). 
43. CRC Handbook of Chemistry and Physics, (Ed.) R. C. Weast, 64* 
Edition, CRC Press (1983-84). 
44. J. Koryta, Ions, Electrodes, and Membranes, John Wiley and Sons, 
Chichester, (1982). 
45. F. Mohammad P. D. Calvert and N. C. Billingham, Abstr. Nat. 
Seminar on Econ. Utilization of Renewable Energy Sources, 
Aligarh Muslim University, Aligarh, India (11-12 May 1990). 
PAGE-72 
46. V. Kubasor and S. Zaretsky, Introduction to Electrochemistry, Mir 
Publishers, Moscow (1987). 
47. P. D. Calvert and N. C. Dillingham, Adv. Polym. Sci., Springer 
Verlag, Berlin (1989). 
48. J. M. Pochan, Handbook of conducting Polymers, (Ed.) T. A. 
Skotheim, pp.1383. Marcel Dekker, New York (1986). 
CHAPTER-2 
1. S.P. Annes, Synth. Met. 20:367 (1987). 
2. J. C. Chiang and A. G. MacDiarmid, Synth. Met. 13:193 (1986). 
3. R.E. Myers, J. Elect. Mater. 2:61 (1986). 
4. J. A. Walker, L.F. Warren, and E. F. Witucki, J. Polym. Sci. 
Polym. Chem. 26:1285 (1988). 
5. M. M. Castillo-Ortega, M. B. hione, and M.Inon, Synth.Met. 28:65 
(1989). 
6. T. H. Chao and J. March, J. Polym. Sci. Polym. Chem. 26:743 
(1988). 
7. S. Maeda, D. Phil. Thesis Sussex University, 1994. 
8. A.G. MacDiarmid and A.J.Epstein, Faraday Discuss. Chem. Soc. 
88:317(1989). 
9. J. C. Chiang and A.G. MacDiarmid, Synth. Met. 13:193 (1986). 
PAGE-73 
10. A.G. MacDiarmid, J. C. Chiang, M. Halpem, W. S. Huang, S.L. 
Mu, N.L.D. Somasiri, W. Wu, and S.I. Yanigev, Mol. Crysy. Liq. 
Cryst. 121:173(1985). 
11. E. M. Geneis, A.A.Syed, and C. Tsintavis, Mol. Cryst. Liq. Cryst. 
121:181 (1985). 
12. A.G. MacDiarmid, S.L. Mu, N.L.D. Somasiri and W. Wu, Mol. 
Cryst. Liq. Cryst. 121:187 (1985). 
13. W.R. Salancek, B. Liedbesg, O. Inganas, R. Eslandson, I. 
Lundstrom, A.G. MacDiarmid, M. Halpem and N.L.D. Somasin, 
Mol. Cryst. Liq. Cryst. 121:191 (1985). 
14. J. P. Travers, J. Chroboczek, F. Devreux, F. Genoud, M. 
Nechtshein, A. Syed, E. M. Genies and C. Tsintavis, Mol. Cryst. 
Liq. Cryst. 121:195(1985). 
15. L. Xie, L. J. Buckley, and J. Y. Josefowicz, J. Mater. Sci. 29:4200 
(1994). 
16. R. S. Kohlman, J. Joo, Y. G. Min, A. G. MacDiarmid and A. J. 
Epstein, Phys. Rev. Lett. 77:2766 (1996). 
17. R. Menon, C. O. Yoon, D. Moses, A. J. Heeger and Y. Cao, Phys. 
Rev. 848:17685(1993). 
18. R. Menon, Y. Cao, D. Moses and A. J. Heeger, Phys. Rev. B 
47:1758(1993). 
19. Y. Cao, A. Andreatta, A. J. Heeger and P. Smith, Polymer 
30:2305 (1989). 
PAGE-74 
20. A. G. MacDiarmid, J. C. Chiang, A. F. Richter and N. L. D. 
Somasiri, in conducting polymers : Special applications (L. Alacer, 
ed.), Reidel, Dordrecht, Holland, pp. 105-120 (1987). 
21. M.Reghu, Y.Cao, D. Moses and A.J. Heeger, Phys. Rev. 
B47:1758(1993). 
22. M.Reghu, CO. Yoon, D. Moses, A.J. Heeger and Y.Cao, Phys. 
Rev. B48:17685 (1993). 
23. Y.Cao, P.Smith and A.J. Heeger, Synth. Met. 48:91 (1992). 
24. Y.Cao and A.J. Heeger, Synth. Met. 52:193 (1992). 
25. Y.Cao, J.J. Qin and P.Smith, Synth. Met.69:187,191 (1995). 
26. Y.Cao, P.Smith and A.J. Heeger, Conjugated Polymeric Materials: 
Opportunities in Electronics, Optoelectronics and Molecular 
Electronics, (NATO Adv. Study. Inst., Sev, E:Appi. Sci. Vol.82) 
(J.L.Bredas and R.R. Chance, eds.), Khuner Academic, Dordrecht, 
(1990). 
27. A. J. Epstein, J. M.Cinder, F. Zno, H. S. Woo, D. B. Tamer, A.F. 
Ritcher, M. Angelopolos, W. S. Huang and A.G. MacDiarmid, 
Synth. Met. 21:63(1987). 
28. A. J. Epstein, J. Joo, R.S. Kohlman, G.dn, A.G. MacDiarmid, 
E.J.Oh, Y. Min, J. Tsukamoto, H. Kaneko and J. P. Ponget, Synth. 
Met. 65:149(1994). 
29. A.G. MacDiarmid and A.J.Epstein, Synth. Met. 65:103 (1994). 
30. A.J.Epstein, J. Joo, C.Y. Wu, A. Benatar, C. F. Faisst, Jr., J. 
Zegarski, and A. G. MacDiarmid, in intrinsically conducting 
PAGE-75 
polymer: An Emerging Technology (M.Aldissi, ed.), Khiwer, 
dordrecht, 1993, p. 165 and references therein. 
31. Z. Wang, A. Ray, A.G. MacDiarmid and A.J.Epstein, Phys. Rev. 
B43:4373 (1991). 
32. Y. G. Min, Determination of Factors Promoting Increased 
Conductivity in polyaniline, Ph. D. Thesis, University 
Pennsylvania (1995). 
33. A.G. MacDiarmid and A.J.Epstein, Synth. Met. 65:103 (1994). 
34. A.G. MacDiarmid, J.M. Weisinger and A.J.Epstein, Bull. 
Am.Phys.Soc. 38:311(1993). 
35. A.G. MacDiarmid and A.J.Epstein, Trans. 2^ congress© 
Brazileiso de Polimerros, SaoPaulo, Brazil, Oct. 5-8, p.544 (1993). 
36. Y. Min, A.G. MacDiarmid and A.J.Epstein, Polym. Prep. 35:231 
(1994). 
37. T. Kobayashi, H. Yoneyama and H. Tamura, J. Electroanal. 
Chem. 161,419(1984). 
38. E. W. Paul, A.J. Ricco and M. S. Wrighton, J. Phys. Chem. 89 (8), 
1441 (1985). 
39. M. Gholamiyan, T. N. Suresh Kumar and A. Q. Contractor, Proc. 
Ind. Acad. Sci. (Chem. Soc), 97 (3/4), 457 (1986). 
40. A. Kitani, M. Kaya and K. Sasaki, J. Electrochem, Soc. 133(6), 
1069(1986). 
41. P. J. S. Foot and R. Simon, J. Phys. D; Appl. Phys. 22, 1598 
(1989). 
PAGE-76 
. ^jjia"* '^sad t i t 
42. B. Scrosati, J. Electrochem.mvl36(10), 
43. S. Merchant and P. J. S. Foot in MSEef^^fefq)toelectronic 
devices, OEICs and Photonics, (Ed.) H. Schlotterer, pp. 269, 
Amsterdam, North-Holland (1991). 
44. J. Swiatek, T.Szymanska and P. J. S. Foot, Mol. Cryst. Liq. Cryst. 
229, 225 (1993). 
45. A. Q. Contractor, T. N. Suresh Kumar, R. Narayanan, S. 
Sukheerti, R. Lai and R. S. Srinivasa, Electrochimica Acta 39(8/9), 
1324 (1994). 
46. S. Srinivasan and P. Pramanick, Synth, Met. 63,199 (1994). 
47. J. R. MacCallum and J. Tanner, Eur. Polym. J. 6, 1033 (1970). 
48. M. K. Troare, W. T. K. Stevenson, J. McKormic, R. C. dorey, S. 
Wen and D. Meyers, Synth. Met. 40, 137 (1991). 
49. J. Yue, A, J. Epstein, Z. Zhong, P. K. Gallapher and A. G. 
MacDiarmid, Synth. Met. 41-43, 765 (1991). 
50. T. C. Tsai, D.A. Tree and M. S. High, Ind. Eng. Chem. Res. 33, 
2600(1994). 
51. A. G. MacDiarmid, J. C. Chiang, A. F. Ritcher, L. D. Somasiri 
and A. J. Epstein, Conducting Polymers, (Ed.) L. Alcaser, D. 
Reidel, p. 105, Dordrecht, Holland (1987). 
52. J. Yue A. J. Epstein, J. Am. Chem. Soc. 112, 2800 (1990). 
53. A. A. Syed and M. K. Dinesan, in Polymer Science Contemporary 
Themes Vol. 2, pp.739-745, (Ed.), S. Sivaram, Tata McGraw-Hill, 
Pub. Co. Ltd,N.Delhi(1991). 
PAGE-77 
54. M. C. Gupta and S. V. Warhadpande, in Polymer Science 
Contemporar>' Themes Vol. 2, p.749, (Ed.), S. Sivaram, Tata 
McGraw-Hill, Pub. Co. Ltd, N. Delhi (1991). 
55. S. Palaniappan and B. H. Narayana, J. Polym. Sci., Polym. Chem. 
32,2431(1994). 
56. M. Kahler, G. Negro, T. Naseer and N. Ahmad, Synth. React, 
hiorg. Met. Org. Chem. 24, 147 (1994). 
57. J. E. Pareira da silva, S. I. Cordova de torresi, D. L. A. de Pari and 
M. L. A. Temperini, Synth. Met. in press. 
58. Z. F. Li, E. T. Kang, K. G. Neoh and K. L. Tan, Synth. Met. 87, 
45 (1997). 
59. E. M. Genies, M. Lapkowski and C. Tsintavis, New, J. Chem. 12, 
181 (1983). 
60. S. H. Glarum and J. H. Marshall, J. Electrochem. Soc. 134,142 
(1987). 
61. E Kim, M. H. Lee, B. S. Moon, C. Lee and S. B. Rhee, J. 
Electrochem. Soc. 141(3), L26 (1994). 
62. D. Grata and D. A. Battry, J. Am. Chem. Soc. 109, 3574 (1987). 
63. D. E. Stilwell and S. M. Park, J. Electrochem. Soc. 135, 2254 
(1988). 
64. M. Pasquali, G. Pistoia and R. Rosati, Synth. Met. 58(1), 1 (1993). 
65. D. Grata, A. Matheka and B. Munge, Macromol. Chem. Phys. 
195(8), 3008 (1994). 
PAGE-78 
66. M. Morita, S. Miyazaki, H. Tanoue, M. Ishikawa and Y. Matsuda, 
J. Electrochem. Soc. 141(6), 1409 (1994). 
67. A. Kaminaga, T. Tatsuma, T. Sotumura and N. Oyama, J. 
Electrochem. Soc. 142 (4), L47 (1995). 
68. R. A. Misra, S. Dubey, B. M. Prasad and D. Singh, Ind. J. Chem. 
Sect. A 38, 141(1999). 
69. X. Wei and A. J. Epstein, Synth. Met. 74, 123 (1995). 
70. W. Lee, C. Du, S. M. Long, A. J. Epstein, S. Shimizu, T Saitosh 
andM. Uzawa, Synth. Met. 84, 807 (1997). 
71. C. H. Hsu, P. M. Peacock, R. B. Flippen, J. Yue and A. J. Epstein, 
Synth. Met. 60,223(1993). 
72. J. Yue, a. J. Epstein, Z. Zhong, P. K. Gallapher and A. G. 
MacDiarmid, Synth. Met. 41, 765 (1991); T. C. Tsai, D.A. Tree 
and M. S. High, Ind. Eng. Chem. Res. 33, 2600 (1994). 
73. CO. Yoon, M.Reghu, D.Moses, A.J.Heeger, Y.Cao, T.A. Chen , 
X. Wn and R. D. Rieke, Synth. Met. 75:229 (1995). 
74. CO. Yoon, M.Reghu, D.Moses, A.J.Heeger, Y.Cao, Phys. Rev. 
648:14080(1993). 
75. Y.W. Pask, C O. Yoon, CH. Lee, and H. Shirakawa, Macromol. 
Chem. Macromol. Chem. Macromol. Symp. 33:341 (1990). 
76. Y.W. Pask, C O. Yoon, B.C. Na, H. Shirakawa, and A.Akagi, 
Synth. Met. 41-43:27(1991). 
77. Y.W. Pask, C O. Yoon, CH. Lee, H. Shirakawa,Y. Snezaki, and 
K.Akagi, Synth. Met. 28:D27 (1989). 
PAGE-79 
78. Y.W. Pask, A.J. Heeger, M.A. Dury and A. G. MacDiarmid, J. 
Chem. Phys. 73:946(1980). 
CHAPTER-4 
1. A. G. Green and A. E. Woodhead, J. Chem. Soc. 97, 2388 (1910). 
2. A. F. Diaz and J. A. Logan, J. Electroanal. Chem. 111,111 (1980). 
3. J. Stejskal, P. Kratochvil and M. Hehnstedt, Langmuir 12 3389 
(1996). 
4. R. Schollhom and H.D. Zagefka, Angew.Chem., Int.Ed.Engl. 16 
199(1997). 
5. P.J.S. Foot and N.G. Shaker, Mater.Res.BuU. 18 173 (1983). 
6. F. Mohammad, J.Phys.D, Appl.Phys. 31 951 (1998). 
7. R. Holze in Spectroelectrochemistry of Conducting Polymers, ch 
6 of "Handbook of Advanced Electronic and Photonic Materials 
and Devices" (H. S. Nalwa, ed.), Vol. 8, Academic Press (2000). 
8. F. Mohammad, Handbook of Advanced Electronic and Photonic 
Materials and Devices ed H S Nalwa (New York: Academic) 
(2000) and references therein 
9. R. Kiebooms, R. Menon, K. Lee in Synthesis, Electrical, and 
Optical Properties of Conjugated Polymers, ch 1 of Handbook of 
Advanced electronic and Photonic Materials and Devices, edited 
by H. S. Nalwa (Volume 8; Conducting Polymers) (2000). 
lO.Zeng X and Ko T 1997 J.Polym.Sci., Pt.B, Polym.Phys. 35 (1993). 
PAGE-80 
11. Handbook of x-rays:For diffraction, emission, absorption and 
microscopy (ed.E.F.Kaelble), MacGraw Hill Book Co., New 
York (1967). 
12. C. P. Poole; "Electron Spin Resonance: A Comprehensive 
Treatise on Experimental Technique", Wiley, New York (1982). 
13.P. Bemier; vol. 2, p. 1099 in ' Handbook of Conducting polymers 
(ed. T. A. Skotheim)' Marcel Dekker, New York (1986). 
14. F. Mohammad, P.D. Calvert andN.C. Billingham, 
Bull.Electrochem. 11(5), 231-234 (1995). 
PAGE-81 
